This study proposes the design, implementation, and application of a new car-following data collecting method based on binocular stereo vision system. The car-following data consist of car-following distance, velocity, relative velocity and driving trajectory of a following vehicle. Specifically, triangulation principle is used to measure car-following distance. Robust locally weighted regression smoothing method is applied to automatically filter out the outliers caused by disturbance in real-world driving condition. Real-world experiments indicate that binocular cameras with 25mm focal length have advantages in traffic conditions with long car-following distance and high driving speed, and that binocular cameras with12mm focal length are suitable to measure on urban roads, where car-following distance is short and more driving conditions are needed to be observed. In 0-60m distance measuring range, it is verified that the mean absolute percentage error (MAPE) of binocular cameras with 25mm focal length is 3.2% and the MAPE of binocular cameras with 12mm focal length is 6.3%. The data collecting system helps to advance car following models due to its high accuracy and effective cost.
I. INTRODUCTION
Microscopic traffic flow theory, which explains the interaction between adjacent vehicles on roads, can help transportation professionals make important decisions on such topics as traffic flow management strategies and plans [1] , intelligent transportation system (ITS) strategies and plans [2] , [3] , traffic safety studies [4] - [8] , etc. A part of traffic flow analyses are conducted to predict the implementation effect of specific traffic flow control strategies via numerical simulations [9] , [3] . Car-following models, describing the longitudinal motion of adjacent vehicles in the same lane, are widely applied in microscopic traffic flow simulation. To simulate car-following behaviors in the real world as reasonably as possible [10] , car-following models were proposed, calibrated and validated based on experimental and empirical vehicle trajectory datasets [11] - [14] , such as the open accessed datasets NGSIM (the Next Generation SIMulation) program [15] 
or other non-open accessed datasets collected
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by private academic institutions [16] . Therefore, high quality car-following data, collected in the real world, are of great significance in the theoretical development of new carfollowing behavioral models. In order to make more reliable and valid transportation decisions, traffic flow experts develop traffic simulation models using high-quality realworld datasets to satisfy the growing demand for accountable and efficient transportation investments.
A. RELATED WORKS
In the field of traffic flow, one of the biggest challenges is the lack of sufficiently accurate empirical, microscopic in situ data to analyze detailed vehicle interactions and understand the essence of traffic flow operation [17] , [18] . As a result, empirical advances of microscopic traffic flow theory (including car following behavior) move along at a slow pace. To achieve wider acceptance of the use of microsimulation systems and ensure the systems provide accurate results, FHWA's (Federal Highway Administration in the USA) Traffic Analysis Tools Program launched the NGSIM program in 2006 [15] . NGSIM datasets, consisting of detailed vehicle trajectory, wide-area detector, and other auxiliary data for researching driver behavior, support many valuable traffic flow analyses [19] - [22] . However, the shortcomings of NGSIM datasets include small distance monitored, short duration of time, and only two freeway study locations. Therefore, NGSIM datasets are not sufficient enough to conduct further car-following researches, such issues as intradriver heterogeneity [23] - [25] .
In microscopic traffic flow researches, common carfollowing data collecting methods include GPS receivers, millimeter wave radars, LIDARs and video cameras.
RTK (Real Time Kinematic) GPS data, consisting of position, speed and acceleration data, have advantages in accuracy, reliability and automatic data acquisition. In the past traffic flow studies, Ranjitkar et al. [26] and Punzo and Simonelli [27] calibrated car-following models and compared the performances of different car-following models, via the trajectory of each tested vehicle which equipped with RTK GPS receivers. To investigate the car-following behavior under high speed driving conditions, Jiang et al. [28] carried out car-platoon experiments measured by high-precision DGPS (Differential GPS) devices, and found that there is considerable heterogeneity for the same driver over different runs of the experiment. However, the disadvantage of GPS receivers is that they only provide vehicle-specific data. Due to the requirements of equipment installation, it is difficult to collect car-following trajectory data extensively [29] .
With the development of sensor technology, millimeter wave radar sensors and LIDAR sensors are widely applied in microscopic traffic flow theory studies. Guo et al. [30] developed a car-following strategy based on merging prediction of adjacent vehicles from the results of naturalistic on-road experiments in which a millimeter-wave radar was used to acquire the relative velocity and relative distance between the host vehicle and surrounding vehicles. Coifman et al. [31] proposed a method to extract empirical microscopic vehicular interactions on freeways from sensors including LIDAR, millimeter wave radar and DGPS. LIDAR sensors and millimeter wave radar sensors are highly accurate in distance measurement but unreliable in object detection. Automated tracking errors still exist, and some detail attributes of targets in images cannot be figured out. A human needs to assess the situation with the aid of the concurrent video and correctly clean the automated tracking results.
Cameras used to collect car-following data can be divided into monocular cameras and binocular stereo cameras. Monocular cameras are mainly used to capture videos of traffic conditions [32] but limited in terms of distance measurement. Binocular cameras have advantages in detecting objects and measuring distance simultaneously, and are widely applied in engineering, especially in indoors distance measurement [33] . Although Kim et al. [34] proposed and verified a sensor fusion algorithm in detecting vehicles using laser scanner and stereo vision, they did not consider the disturbance in real-world driving condition.
B. OVERVIEW OF THE RESEARCH
Due to complex driving conditions and the limitation of data collecting equipment, it is difficult to collect adequate and accurate car-following data from the real world. To break through the measurement restriction mentioned above and assist the development of microscopic traffic flow theory, this research first proposes the design, implementation, and application of a car-following data collecting method based on binocular stereo vision. Specifically, the car-following data consists of car-following distance, velocity, relative velocity and driving trajectory. The method applies binocular cameras to measure car-following distance, and applies GNSS (Global Navigation Satellite System) RTK system to collect the trajectory of a following vehicle. Robust locally weighted regression smoothing method is applied to automatically filter out the outliers caused by disturbance in real-world driving conditions. The system can be widely applied in car-following data collection due to its high accuracy, and effective cost.
The main contributions of this research include proposing a new car-following data collecting method, and analyzing the measuring error and applicability of the method. The error of GNSS RTK used in this experiment has been verified to be centimeter-scale. Thus, it is hypothesized that GNSS RTK data represent the real position of equipped vehicles. Based on the data measured by GNSS RTK, the authors analyze the accuracy and applicability of binocular cameras with realworld experiments. In 0-60m distance measuring range, it is verified that the mean absolute percentage error (MAPE) of binocular cameras with 25mm focal length (25mm cameras) is 3.2% and the MAPE of binocular cameras with 12mm focal length (12mm cameras) is 6.3%. The measurement error analyses indicate that 25mm cameras have advantages in freeflow driving conditions, and that 12mm cameras are suitable to measure in congested road conditions. The remainder of this paper is organized as follows. Section II describes the methodology of binocular stereo vision, the composition of a car-following data collecting system and robust locally weighted regression theory. Section III shows the results of real-world experiments, and analyzes the measurement error. Section IV discuss the comparison with previous methods and the applicability of binocular cameras. In Section V, the conclusions are drawn.
II. METHODOLOGY A. BINOCULAR STEREO VISION
In this research, Open Source Computer Vision Library (OpenCV) is used to realize the computational stereo imaging [35] . It is assumed that there is a perfected undistorted, aligned, and measured stereo rig as is shown in Fig. 1 : two cameras whose image planes are exactly coplanar with each other, with exactly parallel optical axes that are a known distance apart, and with equal focal lengths f l = f r . Also, it is assumed that the principal points c left x and c right x have been calibrated to have the same pixel coordinates in their VOLUME 8, 2020 respective left and right images. A point P in the physical world has a projection onto the projective plane in a left imager, and that projection is labelled as p l . The point P also has a projection onto the projective plane in a right imager, and that projection is labelled as p r . x l and x r are the horizontal coordinates of p l and p r respectively. In this simplified case, the depth Z is inversely proportional to the disparity between x l and x r , where the disparity is defined simply by d = x l − x r . Referring to Fig. 1 , the depth Z between P and O l Or can be derived by using similar triangles principle:
in which O l is the center of left projection, O r is the center of right projection, T is the distance between O l and O r , Z is the distance between point P and binocular cameras, X l and X r represent the X axis positive direction of left and right imager respectively and f is the focal length of binocular cameras.
In practice, stereo imaging involves fours steps when using two cameras [35] . 1) Remove radial and tangential lens distortion mathematically. The outputs of this step are undistorted images. 2) Adjust for the angles and distances between cameras, a process called rectification. The outputs of this step are images that are row-aligned and rectified. 3) Find the same feature in the left and right camera views, a process known as correspondences. The output of this step is disparity value, which is the difference in x-coordinates on the image planes of the same feature viewed in the left and right cameras: x l − x r . 4) If we know the geometric arrangement of the cameras, then we can turn the disparity value into distances by triangulation. This step is called ''reprojection,'' and the output is depth value.
B. THE CALIBRATION OF BINOCULAR CAMERAS
In real world, an ideal binocular camera stereo view system does not exist, researchers need to calibrate binocular cameras, and then change them into ideal binocular cameras in mathematics. In this paper, a calibration method proposed by Zhang is applied, who used a plane with a checkerboard to calibrate binocular cameras' lens distortion parameters, internal parameters and external parameters [36] . Calibration scenes of this study are shown in Fig. 2 .
C. THE ALGORITHM OF MATCHING AND TRACKING
The algorithm of matching is template matching [35] which matches an actual image patch containing a target against an input image by 'sliding' the patch over the input image. The target object is indicated by the strongest matching. The matching function slides through the image, compares the overlapped patch of size width×height against a template using a specified method and stores the comparison results. The method used in this paper is shown in (2), in which I denotes an input image, T a template image, R the comparison result of I and T .
R(x,y) represents the comparison result stored in a pixel which has a horizontal coordinate x and a vertical coordinate y in the result image R. After the function finishes the comparison, the strongest matching can be found by calculating the minimal value of R(x, y).
Through comparing the performance of the trackers in Open Source Computer Vision Library 3.4.4, CSRT tracker is applied, which is based on discriminative correlation filter with channel and spatial reliability [37] , to realize objects tracking.
D. SYSTEM OVERVIEW
The car-following data collecting system consists of hardware modules and software modules. The hardware modules are comprised of binocular cameras, GNSS RTK receivers and laptops. The software modules are designed to control binocular cameras, process images and save data.
1) HARDWARE MODULES
The cameras used in this experiment are CMOS cameras produced by DAHENG IMAGING [38] . The image resolution is 1024×768. The frame Rate is 3fps. The interface type is USB2.0. In this paper, focal length is a critical factor in distance measurement accuracy and field of view (FOV). Yang et al. [39] analyze the location accuracy for the binocular stereo vision system and find that with the camera focal length increasing, the system error is decreasing. Nevertheless, too long focal length lenses result in too small angle of view (such as less than 15 • ) which is not beneficial to the stability of object tracking in real-world driving conditions. To make a balance between accuracy and stability, 25mm focal length lenses and 12mm focal length lenses are selected for the following research. The lenses used in this experiment are lenses produced by 'Computar' company with model No. M2514-MP2 [40] and M1214-MP2 [41] . The Specifications of the lenses are given in the reference.
As is shown in Fig. 3 , two pairs of binocular cameras are fixed on a cross bar. The cameras with short focal length are fixed in the middle position, and the cameras with long focal length are fixed on the both sides of the bar. The cross bar is installed on the roof of a following car. Binocular cameras are connected to a laptop.
As is shown in Fig. 4 , in precision verification experiments, two GNSS RTK receivers are fixed on a leading vehicle and a following vehicle respectively. The GNSS RTK used in this paper is the iRTK2 system produced by 'Hi-Target Surveying Instrument' Co.Ltd [42] , [43]. The iRTK2 system, whose positioning error has been verified to be centimeter-scale, supporting BDS, GPS, GLONASS and GALILEO positioning system. In verification stage, a GNSS RTK receiver equipped on a leading vehicle is matched with another one equipped on a following vehicle, to calculate the measurement benchmark of car-following distance and relative velocity. Based on the data measured by GNSS RTK, the measurement accuracy of binocular cameras is analyzed. In section III which shows the result of verification, binocular cameras are verified to be applicable to measure the carfollowing distance and relative velocity. Hence, in further application stage, a leading vehicle is not required to be equipped with a receiver, and only a following vehicle needs a receiver to collect the acceleration, velocity and position data. Fig. 5 shows the real-world installation of a binocular stereo vision system and GNSS RTK receivers.
2) SOFTWARE MODULES
The software module, programming with c++ language, is designed to control binocular cameras, process images and save relevant data. Camera control is based on the digital camera application interface library provided by 'DAHENG IMAGING' company. Image processing is based on OpenCV library version 3.4.4. The software module follows the steps below to obtain car-following distance and relative velocity.
1) Calibrate external parameters, internal parameters and lens distortion of the binocular cameras. 2) Obtain left and right images simultaneously through binocular cameras, and then send the two images to a laptop. 3) Undistort and rectify the two images. Otherwise, the object in the left image is tracked via a tracking algorithm. 5) Match the object in the right image with a matching algorithm. 6) According to the triangulation principle, the distance from the real-world object to binocular cameras can be derived from the disparity between the left and right views. 7) Save relevant data such as distance values and corresponding images in real time. After a real road experiment, positioning data, from GNSS RTK receivers, will be exported to obtain the trajectories of equipped vehicles. GNSS RTK data are interpolated linearly according to the time stamps of binocular camera data. With the same time stamps, GNSS RTK data and binocular camera data are combined, and further studies can be conducted. Fig. 6 shows the steps of car-following distance calculation. Relative velocity is calculated indirectly via car-following distance changing rate. The detail of relative velocity calculation is described in (10) .
E. ROBUST LOCALLY WEIGHTED REGRESSION
Because of the occasional failure of object matching and tracking, some distance data measured by binocular cameras are wrong. In common smoothing methods such as moving average and locally weighted regression, all the measured data are taken into consideration to calculate smoothing results. With these common smoothing methods, the outliers mentioned above could distort the smoothing results seriously, leading to a large deviation between smoothing values and real values. Therefore, it is significant to apply an appropriate smoothing method, with which the smoothing results are unaffected by extremely large errors that occur occasionally. Robust locally weighted regression (rlowess) method [44] has been proved to have good performance in getting rid of outliers. The detailed application of 'rlowess' smoothing method in binocular cameras measurement is described as follow.
Let n be the total number of distance measurement records. Let t span be the local regression span time. Let n fps be the image refreshing rate of binocular stereo vision system. The fitted distance at t i is noted asẐ i . The number of influential points which are the neighborhoods of t i is noted as r span . r span = n fps × t span . Let W be a local weight function with the following 4 properties:
Symbol 'ν' represents an independent variable of a local weight function. Specifically, the weight function used in this study is listed in (3) . It is found that the weight function with three seconds power leads to smoother results which are better than the smoothing results processed by the original weight function in publication [44] .
For each t i , weights, w k (t i ), are defined for all t k , k = 1, . . . , n, using the weight function W. This is done by centering W at t i and scaling it so that the point at which W first becomes zero is at the r span th nearest neighbor of t i .
For each i let h i be the distance from t i , to the r span th nearest neighbor of t i . That is, h i is the r span th smallest number among
Robust locally weighted regression is operated by the following sequence of operations: 1) For each i compute the estimates,β j (t i ) , j = 0, . . . , d, of the parameters in a polynomial regression of degree d of Z k on t k , which is fitted by weighted least squares with weight w k (t i ) for (t k , Z k ). Thus theβ j (t i ) are the values of β j that minimize
The smoothed point at t i using locally weighted regression (lowess) of degree d is (t i ,Ẑ i ), whereẐ i is the fitted value of the regression at t i . Thuŝ
2) Let B be the robustness weight function that is defined by
Let e i = Z i −Ẑ i be the residuals from the current fitted values. Let s be the median of the |e i |. Define robustness weights by
).
Large residuals result in small weights and small residuals result in large weights. If e k /6s is larger than 1, then the robustness weight of k whose residual result is extremely high, is set as zero.
3) Compute newẐ i for each i by fitting a dth degree polynomial using weighted least squares with weight δ k w k (t i ) at (t k , Z k ). 4) Repeatedly carry out steps 2 and 3 a total of num times. The finalẐ i are robust locally weighted regression fitted values.
Compared with 'lowess' method which only carries out step 1, 'rlowess' method has additional iterative fitting in steps 2 to 4 to achieve robust smoothed points in which a small portion of outliers do not distort the smoothing results [44] .
III. RESULTS
To verify the measurement accuracy of binocular cameras, experiments were conducted on Inner Ring East Line (urban roads) and G42 Highway in Nanjing, Jiangsu Province, China. A leading vehicle was equipped with a GNSS RTK receiver, and a following vehicle was equipped with another GNSS RTK receiver and two pairs of binocular cameras.
In the experiments, the following vehicle always followed the leading vehicle on the road. GNSS RTK recorded the positioning data of the two vehicles, and binocular cameras measured car-following distance.
The total mileage of the driving route shown in Fig. 7 is 12.7km. A round trip (about 25km) is considered as one experiment. The accuracy verification experiments were conducted 3 times in June 2017. All the driving experiments were begun at 10 A.M. in sunny days. These experiments were found similar results. The result of one experiment is presented in this article. Binocular cameras with focal length of 12mm and 25mm respectively, were used in experiments.
A. FIELD OF VIEW Fig. 8 shows the undistorted and rectified images which are captured by 12mm cameras and 25mm cameras respectively. Diagonal FOV of 12mm cameras and 25mm cameras are 49.2 • and 24.9 • , respectively. An object needs to be observed by left and right cameras simultaneously so that the distance between the object and the binocular cameras can be calculated.
As is shown in Fig. 9 , if the FOV is not wide enough, the overlap area of left and right views is too small to match an object. Besides, objects could easily move out of narrow FOVs, leading to the failure of object tracking. The failure of object matching or tracking results in the failure of disparity calculation. Without a precise disparity value, the distance calculation result cannot be accurate. It is one of the main causes of measurement outliers. 
B. MEASUREMENT ERROR ANALYSES
The focus of this experiment is to verify the accuracy of carfollowing distance and relative velocity measured by binocular cameras. There are two reasons for the failure of object matching and tracking in binocular cameras. One is that images blur due to high moving speed; the other one is that objects move out of the overlap FOV of binocular cameras. Because the improvement of hardware module cannot further reduce the measurement outliers caused by the failure of object matching and tracking, robust locally weighted regression method is applied to smooth the original camera data. Following analyses in part 1) and part 2) are based on smoothed camera data; while outlier analyses in part 3) are based on original camera data.
In this section, the distance estimation of binocular cameras and GNSS RTK is compared, and the relative error of car-following distance is analyzed. The absolute error of relative velocity is compared between 12mm cameras and 25mm cameras. The goal of these analyses is to figure out the applicability of binocular stereo vision system in different driving conditions.
1) CAR-FOLLOWING DISTANCE
The comparison of distance measurement between binocular cameras and GNSS RTK is shown in Fig. 10 and Fig. 11 . Original camera data almost fit the trajectory of GNSS RTK data, except that there are some outliers caused by the failure of object matching and tracking. The refreshing rate of GNSS RTK is 50Hz. The refreshing rate n fps of binocular stereo vision system is 3fps. Original camera data are smoothed with robust locally weighted regression (rlowess) method, locally weighted regression (lowess) method and moving average method respectively, with the same local regression span time. According to the outlier frequency in the real world, t span is set as 10s. Therefore, the spans of ''rlowess'' function and ''lowess'' function are both 30. Due to odd value requirement in the span of ''moving average'' function, the ''moving average'' function has a similar span, which is 29. The iteration times of ''rlowess'' function is 5. When the iteration times of ''rlowess'' function are higher, the processing results are smoother. However, too much iteration times, such as 10, are unnecessary due to increasing computational complexity and little improvements in smoothing results. In this experiment, 5 iterations are suitable. The 'rlowess' method and 'lowess' method apply a 2nd degree polynomial model.
In each experiment, total measuring time is more than 15min. As is shown in Fig. 10 and Fig. 11 , when outliers occur, there are big deviations between real values and the results smoothed by 'lowess' method or moving average method. The fitting results of 'rlowess' method almost have the same changing trend as the GNSS RTK data. The comparison proves that the application of 'rlowess' smoothing method is reasonable and valid. Fig. 10 shows one segment of data measured by 12mm binocular cameras. The original distance data measured by 12mm cameras do not change continuously. As car-following distance becomes longer, the incoherence of measured values becomes more obvious and the measurement deviates more seriously. When the distance is longer than 40m, the sensitivity of 12mm cameras decreases rapidly. As a result, the estimation of distance cannot sensitively change with real values. However, through filtering out the outliers with 'rlowess' method, the smoothed camera data of 12mm binocular cameras fit well with GNSS RTK data. Fig. 11 shows one segment of data measured by 25mm binocular cameras. Compared with the measurement of 12mm binocular cameras, the incoherence of 25mm binocular cameras is less pronounced and the measurement deviation of 25mm binocular cameras is smaller. Nevertheless, due to 25mm binocular cameras' narrow FOVs, object matching and tracking failure frequency increases. By comparing Fig. 10 and Fig. 11 , the number of the outliers of 25mm binocular cameras is more than that of 12mm binocular cameras. Through getting rid of these outliers with 'rlowess' method mentioned above, the smoothed camera data of 25mm binocular cameras also fit well with GNSS RTK data.
In the following error analyses, car-following distance data measured by binocular cameras have been smoothed by 'rlowess' method, and that measured by GNSS RTK are original interpolated data. The absolute value of relative error of car-following distance (ARE d ) at time t i is calculated as follow:
in which i = 1, . . . , n; Dis CS i is the car-following distance measured by binocular cameras at time t i and has been smoothed; Dis GNSS i is the car-following distance measured by GNSS RTK and has been interpolated at time t i . Fig. 12 demonstrates the distribution characteristics of ARE d with regard to car-following distance. A box plot is presented within several distance subranges. The box plot was automatically plotted by MATLAB R2015b with a 'compact' box style, in which the central mark is the median, which is a black dot inside a white circle; the edges of the box are the 25th and 75th percentiles; the whiskers extend to the most extreme datapoints the algorithm considers to be not outliers; and the outliers are presented as circles individually. With the increase of car-following distance, the ARE d of 12mm cameras increases more rapidly than that of 25mm cameras. Moreover, 30m is a critical distance, beyond which the ARE d of 12mm binocular cameras increase dramatically.
As is shown in Table. 1, when the car-following distance is less than 30m, both the mean absolute percentage error (MAPE), which is the average value of ARE d , of 12mm cameras and that of 25mm cameras are lower than 5%. When the distance is longer than 30m, the MAPE of 12mm cameras is more than two times higher than that of 25mm cameras. When the distance ranges from 0m to 60m, the MAPE of 25mm cameras is 3.2%, which is almost half of the MAPE of 12mm cameras.
As is illustrated in Fig. 13 , the comparison of car-following distance measurement shows that 25mm cameras perform better in the accuracy of distance measurement, especially when car-following distance is large. However, the number of outliers of 25mm cameras are more than that of 12mm cameras.
Although the maximum car-following distance measured in this paper is no longer than 60m, it does not mean that the maximum distance measurement ability of binocular cameras is no longer than 60m. In the verification experiment, it is required to compare the distance measured by binocular cameras and that measured by GNSS RTK system. In order to avoid other social vehicles cutting in the test vehicle pair, the following test vehicle had to follow the leading test vehicle carefully, leading to relative short distance distribution.
As is noted in Fig. 13 , most of the distance measured by cameras are longer than that measured by GNSS RTK. A theoretical distance measured by GNSS RTK is the distance between the front license plate of a following vehicle and the rear license plate of a leading vehicle (RLPL). As is shown in an interested area of Fig. 14 which is marked by a blue rectangle, there is not only the RLPL, but also some other characteristics such as rearview mirrors and a rear windscreen. In an interested area, if there are other characteristics farther than the RLPL, the measured disparity of the interested area is smaller than the theoretical disparity of the RLPL. If a measured disparity is smaller than the theoretical disparity, then the measured car-following distance is longer than the theoretical car-following distance. This is the reason why some of distance values measured by cameras are longer than that measured by GNSS RTK. Fig. 15 demonstrates the distribution characteristics of ARE d with regard to the velocity of a following vehicle. A scatter plot and a box plot are presented in Fig. 15 . As is shown in Fig. 15 (a) , higher velocities results in higher measurement errors. As is shown in Fig. 15 (b) , averagely, the ARE d of 12mm cameras is higher than that of 25mm cameras.
2) RELATIVE VELOCITY
Another important factor influencing car-following behavior is relative velocity. Relative velocity is calculated indirectly via car-following distance changing rate. The relative velocity (RV) at time t i is described in (10):
in which RV CS i represents the relative velocity derived from smoothed camera data, RV GNSS i represents the relative velocity derived from GNSS RTK data. The absolute error of relative velocity (AE RV ) at time t i is calculated in (11) .
Based on all measured data in one experiment, AE RV is analyzed in Table. 2. Both the average value (AVE) of AE RV measured by 12mm cameras and 25mm cameras are close to 0. Table. 2 illustrates that 25mm cameras perform better than 12mm cameras in relative velocity measurement. The distribution characteristics of AE RV with regard to RV is analyzed by plotting a scatterplot. As is shown in Fig. 16 , the AE RV of 25mm cameras are closer to zero than that of 12mm cameras. The figure indicates that the relative velocity measured by 25mm cameras has lower error. Meanwhile, the AE RV with symmetrical distribution around 0 means that the relative velocity measurement almost has no systematic error.
3) OUTLIER ANALYSIS
Outliers are caused by the disturbance in real-world driving conditions. In order to estimate the failure frequency of object matching or tracking in the experiment, outliers are discovered by calculating the difference dif i between GNSS RTK data Dis GNSS i (distance data which are measured by GNSS RTK) and original camera data Dis CNS i (distance data which are measured by binocular cameras and not smoothed).
To distinguish outliers from normal measurement, Density-Based Spatial Clustering algorithm (DBSCAN) [45] is applied, in which input dataset is the GNSS RTK data Dis GNSS i and the absolute value of difference |dif i |; while output is the assessment of the dataset (Dis GNSS i , |dif i |, label i ). For example, if |dif i | is discovered to be an outlier, it is labeled as 'outlier'; otherwise, it is assigned to a cluster and labeled as 'cluster'. For a point (Dis GNSS i , |dif i |) to be assigned to a cluster, it must satisfy the condition that its epsilon neighborhood (epsilon) contains at least a minimum number of neighbors (minpts). Or, the point can lie within the epsilon neighborhood of another point that satisfies the epsilon and minpts conditions. Parameters epsilon and minpts are needed to be set according to the attribute of datasets [45] .
For all the valid data collected by 12mm binocular cameras and 25mm binocular cameras, the value minpts is set as 50.
For each point (Dis GNSS i , |dif i |), the distance to the minptsth nearest point is calculated, and sorted points against this distance is plotted in Fig. 17 . The distance that corresponds to the knee is generally a recommended choice for epsilon, because it is the region where points start tailing off into outlier territory [45] . In this research, epsilon is set as 5m. Fig. 18 is the clustering results with DBSCAN, in which red dots are outliers discovered, while the rest of dots belong to a cluster. Furthermore, it is found in this research that when minpts ranges from 10 to 100, outliers discovered make no significant difference.
The frequency distribution of outliers in distance measurement is analyzed in Fig. 19 . In this experiment, when car-following distance is less than 20m or more than 40m, 12mm cameras have less outliers than 25mm cameras. When the measuring distance is between 20m and 40m, the outlier frequency of 25mm cameras is lower than that of 12mm cameras.
IV. DISCUSSION

A. COMPARISON WITH PREVIOUS METHODS
Vehicle trajectory data for the detailed analysis of vehicle interactions are critical to understanding the essence of traffic flow operation. One of the biggest challenges for traffic flow researchers is the lack of adequate and accurate naturalistic vehicle trajectory data. Compared with conventional carfollowing data collecting methods, binocular stereo vision has advantages in high accuracy, wider range sample data, enhanced reliability and effective cost.
Although high-precision positioning system such as GNSS RTK can measure car-following distance by installing a receiver on a leading vehicle and a following vehicle respectively, binocular cameras can measure distance accurately enough without equipment requirement on a leading vehicle, resulting in multiple sample data.
NGSIM program, which collected vehicle trajectory data sets, used digital video cameras mounted on top of a building that overlooks a highway. Although NGSIM delivered one of the largest microscopic traffic data sets to date, there has been a growing minority of researchers who have found unrealistic relationships in the NGSIM data [46] , [47] . Coifman explicitly quantified NGSIM errors and showed that the NGSIM errors are beyond anything that could be corrected strictly through cleaning or interpolation of the reported NGSIM data. Examples were shown where a real vehicle stopped but the NGSIM trajectory did not and then overran the location of the real leader [47] . With regard to binocular cameras, it was verified that the MAPE of 25mm binocular cameras is 3.2% and that the MAPE of 12mm binocular cameras is 6.3%, in 0-60m distance measuring range. Besides, the maximum length of the road sections covered in NGSIM program is 640m [46] , while binocular cameras can collect car-following data without road length limitation.
For further traffic flow theory developments, Coifman developed a process for extracting and cleaning empirical microscopic vehicle relationships by tracking ambient vehicles observed from an instrumented probe vehicle traveling through a freeway traffic stream [31] . In Coifman's experiments, the vehicle is equipped with front and rear horizontal scanning LIDAR sensors with near-rage wide angle coverage and a forward-facing radar with far-range narrow angle coverage. When a LIDAR equipped vehicle bumps over roads, laser beam may not hit a leading vehicle. Therefore, a human reviewer is needed to manually clean and validate the LIDAR results with the help of video cameras. In Fig. 20(b) , portions of a high-clearance vehicle are not visible as a contiguous object in the LIDAR scanning plane. As is shown in Fig. 20(a) , LIDAR data were projected into a video image plane, so that human users can accurately assess automated tracking errors and distinguish between different vehicle and non-vehicle targets. Coifman estimated that it should take roughly 8 person-hours to do the manual cleaning for each 2 h real-world tour [31] . With binocular cameras which can track an object and measure the distance simultaneously, it seldom needs human experience to figure out whether there is mismatch between objects and the corresponding distance. Contrary to LIDAR sensors which can only measure the carfollowing distance on-line, binocular cameras can measure distance data multiple times through off-line videos if needed. Compared with LIDAR sensors, binocular cameras increase the reliability of car-following distance measurement and reduce the labor in data cleaning process.
B. APPLICABILITY ANALYSES
12mm cameras have limitation in long distance measurement. 30m is the critical distance, beyond which the distance measurement error of 12mm binocular cameras increase dramatically. However, the FOVs of 12mm cameras are wide enough to observe complex traffic conditions. Therefore, 12mm binocular cameras are suitable to measure on urban roads, where most of car-following distances are shorter than 30m and mass of driving conditions are needed to be observed.
The shortcoming of 25mm cameras is that they have narrow FOVs. As a result, when car-following distance is less than 20m, it is difficult to match or track an object in left and right views simultaneously. However, once an object is matched and tracked stably, 25mm cameras are superior to 12mm cameras when measuring car-following distance in highway traffic conditions where most of car-following distances are larger than 20m and the driving velocity is suggested to be higher than 60km/h. The performance of binocular cameras is affected by image quality and image processing technique. If experiments were conducted in extreme weather, such as fog, snow, heavy rain, binocular cameras will not perform as well as the results presented in this paper. Therefore, the application of multisensor fusion in complex driving conditions or in extreme weather conditions will be tendency in further car-following data collecting fields.
V. CONCLUSION
This study describes the design, implementation, and applicability of a car-following data collecting method based on binocular stereo vision system. In real-world experiments, 12mm cameras and 25mm cameras were used to analyze the accuracy and applicability in different driving conditions. Robust locally weighted regression smoothing method was applied to automatically get rid of outliers caused by the failure of object matching and tracking.
Experiments show that 25mm binocular cameras perform better than 12mm binocular cameras in distance measuring accuracy. The experiment has verified that the MAPE of 25mm binocular cameras is 3.2% and that the MAPE of 12mm binocular cameras is 6.3%, in 0-60m distance measuring range. For the two pairs of binocular cameras, the distance measuring accuracy both decrease along with the increasing of measured distance and driving velocity. Through the analysis of absolute error of relative velocity (AE RV ), it is demonstrated that both the average value of AE RV measured by 12mm cameras and 25mm cameras are close to 0. Moreover, narrow FOV increases the difficulty in object matching and tracking.
With the comprehensive consideration of accuracy and FOV in measurements, it is recommended to use short focal length (about 12mm) binocular cameras on congested urban roads, use long focal length (about 25mm) binocular cameras on free-flow driving conditions, and use both short and long focal length binocular cameras on complex road conditions.
Although the data accuracy and applicability of binocular camera system are satisfying, the object matching and tracking algorithm in the system needs improving for better reliability. Despite the new efforts to collect car-following data, more researches are needed to analyze the driving behavior characteristics among different drivers. In further study, binocular stereo vision system can be used to collect car-following data of different drivers in different driving conditions. These driving behavior analyses are helpful to the development of microscopic traffic flow theory. Currently, car-following data collecting experiments were conducted in fine weather. For the researches on driving behavior in bad weather, more advanced methods are needed to collect relevant data.
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